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Abstract 
In this study we simulate structural, electronic and phonon properties of MgAl2O4 spinel containing single 
oxygen interstitial (Oi) per crystalline L4 and L8 supercells, e.g., its dumbbell configuration formed with one 
of the nearest regular oxygen atoms of the lattice (Oi-Oreg). Due to the splitting of the Wyckoff positions in 
supercell models of perfect crystal, five possible Oi positions with different site symmetry have been 
identified and studied (C1, Cs, C3v D2d and Td). First principles hybrid HSE06 DFT functional calculations on 
perfect and defective spinel structures have been accompanied by geometry optimization. The calculated 
properties of spinel crystal (lattice constants, bulk modulus, band gap as well as frequencies of infrared- 
and Raman-active vibrational modes) qualitatively well agree with the corresponding experimental data.  
The formation energy of Oi is found to be minimal for the interstitial site of lowest symmetry (C1). The 
results obtained are important, in particular, for understanding the radiation and chemical stability as well 
as other key properties of MgAl2O4 spinel-type oxide crystals. 
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1. Introduction 
Ternary spinel-type AB2O4 oxides known and studied for a long time enough [1-3] belong to a 
class of advanced compounds with various electrical, magnetic and optical properties. Spinel-
structured magnesium aluminate (MgAl2O4), both single-crystalline and ceramic, characterized by 
cubic close-packed spatial crystalline morphology, possesses high transparency from visible to 
infrared wavelength range, enhanced strength and melting temperature, excellent chemical and 
radiation resistance as well as low electrical losses [4-6]. Combination of these properties makes 
magnesium aluminate suitable for a number of technological applications, although all of them 
require to consider influence of MgAl2O4 structural defects on the corresponding processes: (i) 
involvement in construction of fusion and fission reactors (inert matrices for nuclear fuels [7], 
transparent radio-frequency windows for fusion reactors [8], etc.) where spinel demonstrates 
remarkable resistance to formation of structural damages caused by neutrons and light ions, e.g., 
amorphous microareas inside MgAl2O4 lattice, which essentially weaken further penetration of 
irradiation; (ii) defective spinel crystals, colored or colorless, in dependence on what kind of point 
defects is prevailing in them (neutral or charged vacancies, native interstitials and anti-sites, 
impurity substitutes, pair-wise defects, etc.), used in different electronic and optical devices [9-11] 
(as to irradiation in the range of visible spectrum, just presence of F centers is mainly responsible 
for it); (iii) supporting material for catalytic reactions possessing long-term durability [12, 13] (it 
was found that oxygen vacancies at its surface layers of support play prominent role in dispersion 
of catalytic metal nanoclusters, their migration and stabilization); (iv) thin films of Mg-spinel used 
in humidity-measured devices [14]. 
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Essential theoretical efforts have been undertaken aiming to properly describe the equilibrium 
geometry and electronic structure as well as chemical and physical (e.g., elastic) properties of 
MgAl2O4 bulk in absence of any types of structural defects [15-19] performing for this purpose 
mainly first principles calculations (within either plane-wave methods [15-17] or Gaussian-type 
orbital formalism [18]) as well as force-field simulations [19].  
Much more attention was paid so far to clarify theoretically how point defects and their 
aggregates influence the structural, electronic and optical properties of MgAl2O4 and related 
ternary compounds [20-26]. According to systematic studies of defective MgAl2O4, a presence of 
native defects can promote important changes in those properties [20]. The formation energies of 
various isolated defects in the most stable charge states were calculated for: (i), the vacancies of 
magnesium (VMg), aluminum (VAl) and oxygen (VO); (ii) oxygen interstitial (Oi), (iii) magnesium and 
aluminum anti-sites (MgAl and AlMg), (iv) some complex defects (VO+Oi,  VO+AlMg, VO+MgAl, 
MgAl+AlMg, etc.). It was concluded that anion vacancies can adequately compensate the observed 
deficit of positive charges. Radiation-induced damages in magnesium aluminate spinel were 
studied in Ref. [21]: for this aim, molecular dynamics of collision cascades in spinel were 
performed, in order to determine both the threshold displacement energies and the damage 
inflicted to the lattice. Density Functional Theory (DFT) plane wave simulations of thermodynamic 
properties have been performed to study substitutes of isolated cations and oxygen vacancies in 
Mg-spinel [22]. The calculated formation enthalpy of magnesium cation substituted by Ca, Cu, and 
Zn ions indicated that transition metal dopants are energetically stable in MgAl2O4 bulk at low 
oxygen chemical potential. In order to examine defect production and stability in spinel structures, 
defect kinetics was considered [23]. It was described for three spinel oxides: MgAl2O4, MgGa2O4, 
and MgIn2O4 using temperature accelerated dynamics (TAD), which revealed varying tendencies 
to disorder the cation sublattices. In order to study the influence that anti-site cation defects have 
on the populations of other intrinsic defects [24], those are associated with Schottky and Frenkel 
reactions. Point and small cluster defects in MgAl2O4 bulk spinel were also studied from ab initio 
viewpoint [25]. As favorable point defects considered during simulations of collision cascade the 
following ones were chosen: (i) cation anti-site defects possessing small formation energy and high 
stability; (ii) both O and Mg split interstitials and vacancies; (iii) isolated Al interstitials, on the other 
hand, were found to be energetically unfavorable. Large-scale ab initio defect calculations 
performed on a large number of spinel oxides revealed the major trends controlling their doping 
ability were uncovered [26]. Anti-site defects were described as the main source of electrical 
conductivity in these compounds. On the whole, in spite of undertaken efforts, a number of 
properties of both perfect and defective spinel-type MgAl2O4 bulk are not yet completely clear. 
Traditional approach to aforementioned supercell models of the defective crystals usually 
begins with arrangement of point defect (e.g., Oi interstitial) at position possessing the highest site 
symmetry. However, our  recent simulations of oxygen atom interstitial in various supercells of 
binary oxide -Al2O3 crystal the calculated formation energy of Oi has been found to be the 
minimal for the interstitial site of the lowest symmetry (C1) [27]. The latter has been found to be 
unstable with respect to the low-barrier transformation into split interstitials (dumbbells between 
them and their nearest regular oxygens Oi -Oreg) with an energy gain of 2.5 eV. Obviously, oxygen 
interstitial transport in corundum can be controlled by the dumbbell bond breaking and re-
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forming. According to earlier simulations, Oi atoms tend to form split interstitials with regular 
oxygen ions in binary MgO oxide as well [28]. 
The purpose of our current study is to apply site symmetry formalism for better understanding 
of Oi interstitial behavior in different supercell configurations of MgAl2O4 bulk (including possibility 
of its inter-lattice migration). The contents of the current paper is organized as the following: in 
Section 2, we adapt the formalism of site symmetry approach for Oi interstitials in Mg-spinel 
crystal; in Section 3, we describe computational scheme of ab initio hybrid DFT-LCAO calculations 
using HSE06 functional on perfect and defective MgAl2O4 spinel structures as well as their 
electronic and phonon properties; analysis of obtained results is given in Section 4, while the most 
important conclusions are formulated in Section 5. 
 
2.  Site symmetry approach to oxygen interstitials in spinel structure 
The symmetry of MgAl2O4 spinel structure is described by non-symmorphic space group 227 
𝐹𝑑3̅𝑚 with face-centered cubic (fcc) lattice, the primitive unit cell of which (Fig. 1a) includes two 
formula units (14 atoms). For origin choice 2 in this space group description [29], atoms in spinel 
structure are distributed over Wyckoff positions by the following way. Mg and Al atoms occupy 
Wyckoff positions 8a (1/8 1/8 1/8) and 16d (1/2 1/2 1/2), corresponding to site symmetry groups S24 
(space groups 4̅3𝑚 vs. Schoenflies’ point group Td) as well as S12 (3̅𝑚 vs. D3d), respectively. O 
atoms occupy Wyckoff positions 32e (x x x) with one free parameter x and site symmetry groups 
S6 (3m vs. C3v). The multiplicity of Wyckoff positions are given here and in what follows for 
conventional (cubic) unit cell which consists of four primitive unit cells, i.e., 8 formula units of 
MgAl2O4 spinel crystal (Fig. 1). We use in this study designation SP for the site symmetry point 
group, consisting of P point symmetry operations.   
 
Figure 1. Axonometric views of 14-atom L1 primitive unit cell (a) and 56-atom L4 conventional unit cell (b) of cubic-
structured defect-less MgAl2O4 spinel bulk. Small red balls, middle-sized brown-gray balls and large light-green balls 
image O, Al and Mg atoms, respectively. Lattice parameter a0 of Mg-spinel lattice corresponds to the length of cubic 
edge between the two external Mg atoms located at apexes (b). 
For the oxygen interstitial in spinel structure any of the following vacant Wyckoff positions 
could be used as an initial position in geometry optimization calculations: a) two positions being 
parameter free - 8b (3/8 3/8 3/8) and 16c (0 0 0) with site symmetries S24 (4̅3𝑚 vs. Td) and S12 (3̅𝑚 
vs. D3d), respectively; b) one parameter dependent positions 48f (x 1/8 1/8)   and  96h (0 y -y ) with 
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site symmetries  S4 (2𝑚𝑚 vs. C2v) and S2 (2 vs. C2), respectively; c) two  parameter dependent 
positions 96g (x x z) with site symmetry S2 (m vs. Cs) and general three parameter dependent 
position (x y z) with site symmetry S1 (1 vs. C1). Due to the undefined values of all the parameters 
contained in vacant Wyckoff positions we place the interstitial oxygen in parameter free positions 
8b or 16c and model the defective crystal within Supercell model (SCM) [30].  
Defining ai(Γ1) (i = 1, 2, 3) as the basic translation vectors of the initial direct Bravais lattice of 
type Γ1 while Aj(Γ2) (j = 1, 2, 3) as the basic translation vectors of the new Bravais lattice of type Γ2 
with the same point symmetry but composed of supercells, we can express the latter as: 
                                            𝑨𝒋(Γ2) = ∑ 𝑙𝑗𝑖(Γ2Γ1)𝒂𝒊(Γ1)𝑖           |det 𝑙| = 𝐿,                                          (1) 
where lji(Γ2 Γ1) are integer elements of the matrix l(Γ2 Γ1) defining the transition from the 
lattice of type Γ1 to the lattice of type Γ2. L is the number of primitive unit cells in the 
supercell. We consider here two supercell transformation matrices: 
 
                                                          -1    1    1 
                                                                                           1   -1    1     ,   L = 4                                                          (2)     
      1    1   -1  
and  
                                                           2    0    0 
                                                                                          0     2    0      ,   L = 8                                                          (3)     
     0     0    2  
                                          
Matrix (2) transforms the initial face centered cubic lattice to a simple cubic lattice i.e., the 
corresponding supercell is already mentioned as conventional cell for face centered cubic lattice. 
This supercell consists of 8 MgAl2O4 formula units (Figure 1), i.e., 56 atoms. 
Transformation (3) with diagonal matrix maintains the lattice type increasing twice the 
primitive unit cell translation vectors. The corresponding supercell consists of 16 MgAl2O4 formula 
units, i.e., 112 atoms.  Both supercell transformations (2) and (3) maintain the cubic point 
symmetry of the lattice. The interstitial atom in the traditional for SCM approach is placed to the   
vacant Wyckoff position with the highest possible site symmetry. In our case it is vacant Wyckoff 
position 8b with the site symmetry S24 (Td). By our opinion, this approach was used in the first 
principles supercell calculations [27] but, unfortunately, the details of the interstitial oxygen 
position choice are not given in that publication.  
In the SCM models interstitial oxygen is periodically repeated. Point defects are placed 
occupying position with the site symmetry SP. The perfect spinel crystal possesses the symmetry 
of space group G = 𝐹𝑑3̅𝑚 = TaF where Ta is the translation subgroup (formed by face centered 
cubic lattice basic translations), F = G/Ta = Oh. 
        Supercell model of the defective crystal is described by a space group Gd = TAFd, where Gd, TA 
and Fd are subgroups of G, TA and F, respectively. In the primitive unit cell the parameter-free 
vacant Wyckoff positions 8b and 16c have point symmetry Td and D3d, respectively. The symmetry 
groups Gd, Ta and Fd of defective crystal are defined by the SCM model choice and can be 
determined using new computer tools and programs available at the Bilbao Crystallographic Server 
(BCS) [29]. BCS CELLSUB program allows one to obtain subgroups of each space group for a given 
t-index defining the multiplication of the cell (t = 4 or 8 for transformations (2) or (3), respectively). 
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Using CELLSUB program of BCS server, one finds the space groups Gd = TAFd for two supercells 
defined by transformations (2) and (3).  These space groups are symmorphic: 𝑃4̅3𝑚 (215) for 
supercell transformation (2) and 𝐹4̅3𝑚 (216) for supercell transformation (3). The WYCKSPLIT 
program from the Bilbao Crystallographic Server has been used here too, to find the splitting of 
vacant Wyckoff positions 8b and 16c in the perfect crystal for chosen supercells L4 and L8. 
     For the group-subgroup chain 227(𝐹𝑑3̅𝑚) > 215 (𝑃4̅3𝑚), i.e., L4 supercell: 
8b (group 227) = 1b3d4e (group 215); 16c (group 227) = 4e12i (group 215).                             (4) 
For the group-subgroup chain 227(𝐹𝑑3̅𝑚) > 216 (𝐹4̅3𝑚), i.e., L8 supercell: 
8b (group 227) = 4c4d16e16e24f (group 216);  
16c (group 227) = 16e16e48h48h (group 216).                                                                                 (5) 
     The point symmetry of the groups 215 and 216 Wyckoff positions is the following [29]: 
      Group 215: S24(Td) - 1b(½ ½ ½), S8(D2d) - 3d(½ 0 0), S6(C3v) - 4e(x x x) and S2(Cs) - 12i(x x z)           (6)                                                   
      Group 216: S24(Td) - 4c(¼ ¼ ¼), 4d(-¼ -¼ -¼), S6(C3v) - 16e(x x x), S4(C2v) - 24f(x ¼ ¼) and  
      S2(Cs) - 48h(x x z).                                                                                                                     (7) 
It is seen that in the split Wyckoff positions appear those containing one and two free parameters. 
Placing interstitial oxygen in these positions during geometry optimization gives possibility to find 
optimized values of these parameters and thus lower the total energy in the supercell calculations.  
Thus, when inserting interstitial atoms in Wyckoff positions possessing different site symmetry 
(Figure 2), we observe different defect configurations and different formation energies after the 
structure relaxation. 
a)                                                                                        b)     
Figure 2. Axonometric view of L4 conventional unit cell for MgAl2O4 spinel bulk. Graphical images of O, Al and Mg 
atoms are the same as described in Figure 1: (a) labelled positions of site symmetry imaged by smallest balls of 
different colors are designated as S24, S8, S6 and S2; (b) interstitial S1 sites occupy the same positions as S6 ones but 
after total distortion of their symmetry (C1) while dotted rectangles show dumbbell orientations. 
The results of oxygen interstitial calculations in two supercells L4 and L8 (the latter is determined 
via L1 by 2x2x2 extension) for two different split Wyckoff positions are analyzed in the Section 4. 
3. Computational details 
3.1. Calculations of the atomic and electronic structure 
Majority of first principles simulations on Mg-spinel described so far (Section 1) has been 
performed within the formalism of spin-polarized DFT method based on plane waves approach 
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(DFT-PW). We have found only one paper presenting results of alternative DFT calculations on the 
electronic structure of MgAl2O4 within the formalism of linear combination of atomic orbitals 
(LCAO) [15]. Nevertheless, Mg-spinel crystal containing interstitial oxygen atom Oi per supercell of 
various configurations has been calculated by us using the DFT-LCAO method within the formalism 
of HSE06 hybrid exchange-correlation functional [31] as implemented in CRYSTAL14 package [32]. 
To our mind, this methodology better corresponds to the proper description of interatomic 
bonding and electron charge distribution in crystal. We have used the all-valence basis set (BS) of 
atomic Gaussian type functions (GTFs) both for O atoms constructed using pure s- and d- as well 
as hybrid sp-AOs in the form of 6s-2111sp-1d as described elsewhere [33] as well for Mg atoms 
(8s-511sp-1d) [34]. Alternatively, the effective core pseudopotential (ECP) with 3s23p1d external 
shell has been developed for Al atoms [35] and used by us in this study.  
For the integration within the reciprocal lattice, sampling the Brillouin zone (BZ) with the 
chosen 4×4×4 Monkhorst-Pack mesh [36] provides a balanced summation in both direct and 
reciprocal space of 56 atom supercell (Figure 1b). First principles Self-Consistent Field (SCF) 
calculations have been considered as converged only when the total energy differs by less than 
10−7 a.u. in two successive SCF cycles [32]. The initial geometry has been optimized by keeping the 
corresponding bulk symmetry fixed. Within the self-consistency, the accuracies (tolerances) 10-7, 
10-8, 10-7, 10-7, 10-14 have been chosen for calculations of Coulomb and exchange integrals [32]. 
The calculated values of lattice constant a0 of the cubic-structured MgAl2O4 bulk (Fig. 1) and free 
parameter u describing arrangement of oxygen atoms in the lattice derived from formula for the 
distance between the nearest Mg and O atoms 𝑟Mg−O
𝑚𝑖𝑛 = 𝑎𝑜√3(𝑢 −
1
8
) [37] are well consistent with 
the corresponding experimental data (Table 1).  
Table 1 Calculated and experimental properties of Mg-spinel 
MgAl2O4 bulk Hamiltonian HSE06 experiment 
 lattice constant ao, Å 8.064 8.081 [38] 
free parameter u 0.2635 0.2623 [38]    
band gap gap, eV 8.79 7.80 [39]                                                                                                                                                                                                                                  
bulk modulus B, GPa 211 197 [40] 
 
Good qualitative agreement is also achieved between the corresponding values of the band 
gap gap derived from the one-electron energy spectrum  ( i ) as well as bulk modulus B evaluated 
as the first numerical derivatives of analytical energy gradients by varying the lattice constant and 
fitting the dependence E(V) of the total energy per unit cell on its volume truncated to a second 
order of polynomial energy fit (in harmonic approximation): 𝐵 =
2
9𝑉
(
2𝐸
1
2 + 2
2𝐸
12
), where 1 and 
2 are the elements of elastic matrix [32] (Table 1). The computational scheme selected by us 
demonstrates high accuracy in reproducing basic properties of bulk spinel crystal. Additionally, the 
effective charges on atoms of Mg-spinel and bond populations between them, which are 
problematically to measure experimentally, have been estimated using Mulliken population 
analysis [41]. In this study, all first principles calculations have been performed in this study using 
the total geometry optimization of both perfect and Oi interstitial-containing MgAl2O4 bulk. 
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To evaluate the formation energy per MgAl2O4 conventional unit cell for Oi interstitial in 
different spinel lattice symmetry sites (Fig. 2), we have applied expression similar to that used for 
description of symmetry sites for Oi-containing interstitials in corundum bulk [28]: 
                                              𝐸𝑓𝑜𝑟𝑚
O𝑖 = 𝐸𝑡𝑜𝑡𝑎𝑙
MgAl2O4(O𝑖) − 𝐸𝑡𝑜𝑡𝑎𝑙
MgAl2O4(𝑝𝑒𝑟𝑓𝑒𝑐𝑡) −
1
2
𝐸𝑡𝑜𝑡𝑎𝑙
O2 ,            (8) 
where 𝐸𝑡𝑜𝑡𝑎𝑙
MgAl2O4(O𝑖) is the total electronic energy of the conventional spinel unit cell containing Oi 
interstitial, 𝐸𝑡𝑜𝑡𝑎𝑙
MgAl2O4(𝑝𝑒𝑟𝑓𝑒𝑐𝑡) the total electronic energy of a perfect unit cell, and 𝐸𝑡𝑜𝑡𝑎𝑙
O2  the total 
electronic energy of oxygen molecule. Analogously, the magnitude of 𝐸𝑓𝑜𝑟𝑚
O𝑖  markedly depends on 
the site symmetry of interstitial oxygen atom (Table 2) as discussed in Section 4. 
 
3.2. Calculations of the phonon structure 
 
For phonon calculations, we use harmonic approach and direct frozen phonon method realized in 
CRYSTAL14 code [42-45]. LO (longitudinal optical) – TO (transverse optical) splitting, i.e., the shift 
in frequency between the LO and TO phonons at the Brillouin zone center, has been calculated 
using CRYSTAL14 code [32] with experimental value of high-frequency dielectric constant   = 2.89 
taken from Ref. [18]. To perform calculations of vibrational frequencies, using frozen phonon 
method (direct method), SCF convergence has been set to 10-9 a.u. [32]. 
The perfect MgAl2O4 spinel crystal with 14 atoms in a primitive unit cell (Figure 1a) possesses 
the following symmetry types of vibrational modes at Г point of the Brillouin zone (the size of 
mechanical representation is 42): 
                                       Гvib = A1g + 2A2u + Eg + 2Eu + T1g + 5T1u + 3T2g + 2T2u                                           (9) 
This result is found taking into account the occupation of Wyckoff positions in primitive unit cell of 
Mg-spinel crystal using SITESYM program [29]. One of T1u modes is acoustic one with zero 
frequency at Г point. There are five modes (A1g, Eg, 3T2g), which are Raman-active, and four T1u 
modes, which are infrared-active. Seven modes (2A2u, 2Eu, T1g, 2T2u) are silent i.e., non-visible in 
the vibrational spectra of MgAl2O4 crystal. Table 3 in Section 4 gives the frequencies of the optical 
modes of Mg-spinel at Г point of BZ for the primitive unit cell (LO phonon frequencies are given in 
brackets). A good agreement is established between the frequencies of spinel bulk optical modes 
calculated by two different methods: DFT-PW LDA calculations [45] and our hybrid DFT-LCAO 
HSE06 calculations. The experimental data used for verification are taken from [46] for Raman-
active modes and from [47] for infrared-active modes and are in reasonable agreement with the 
theoretical data.  
 
4. Results and discussion 
4.1. Oi interstitial formation energy and electronic structure versus spinel site symmetry 
 
The results of hybrid spin-polarized HSE06 calculations of Oi interstitials located inside 5 spinel 
sites of different symmetry (S24, S8, S6, S2, and S1) when considering two types of supercells (L4 
and L8) are systematized in Table 2. All results correspond to zero total spin of the system. 
Formation energies vary from 13.7 eV (for highest S24 site-symmetry position) down to 2.31 eV 
(for non-symmetric S1 configuration arising after total symmetry removal from S6 site).  
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S24 and S8 site symmetries of MgAl2O4 bulk (Fig 2) give very close calculated results (Table 
2) since their high symmetry structure relaxations are insignificant while large 1NN and 2NN 
distances are qualitatively close for both symmetry sites and supercell sizes, which leads to a high 
formation energy of defect. S6 configurations give sharply different solutions for formation energy 
and all other properties presented in Table 2 depending on size of the supercell (L4 vs. L8). For S6 
in L4, which corresponds to dumbbell configuration with the oxygen interstitial [28], Oi-Oreg 
distance noticeably reduces, being accompanied by a marked decrease in formation energy. Vice 
versa, in the case of L8 the strong Al-O bonding is observed parallel with growing distances to the 
nearest oxygen atoms, which results in much higher formation energy. S2 site symmetry in 
MgAl2O4 bulk is characterized by tetrahedral arrangement of the pairs of Mg and Oreg atoms 
around Oi, and since their Oi-Oreg distance in tetrahedron in larger that in S6 (L4) configuration, 
energy 𝐸𝑓𝑜𝑟𝑚
O𝑖  of the latter is found to be smaller. The lowest formation energies correspond to the 
lowest site symmetry S1. For both L4 and L8 supercells, formation of Oi-Oreg split interstitial (or 
dumbbell) is observed (dO-O = 1.42-1.44 Å). This configuration is for more than 2 eV more preferable 
than all the others. Similar behaviour of interstitials is known also in other oxides, where the two 
oxygen atoms are placed around regular oxygen site in lattice, preserving site symmetry. The 
distance between two oxygen species is very similar to peroxide bond length.      
      
Table 2. Closed shell (singlet) calculations on the interstitial Oi atom positioned in four different split vacant positions. 
The Wyckoff positions (2b and 4c) of Oi are split into 4 orbits in the 56 (L4) and 112 (L8) atom containing supercells 
(Fig. 1). SP denotes the site symmetry group possessing P point group operations. 1NN and 2NN denote the first and 
second spheres of the nearest atoms around Oi interstitial. 
Supercell L4  L8  L4  L8 L4  L8  L4 L8  
Symmetry site S24/S8 (2b) S6 (2b) S2 (4c) S1 (no symmetry) 
Coordinates (0.5 0.5 0.5) / (0 0 0.5) (0.25 0.25 0.25)  (-0.125 -0.375 -0.375) (0.25 0.25 0.25) 
𝐸𝑓𝑜𝑟𝑚
O𝑖  energy (eV),  
Eq. (8)  
13.7 13.0 4.4 8.6 5.07 5.14 2.31 2.51 
1NN  
distance (Å) 
4Al 
 1.851 
4Al  
1.843 
O  
1.352 
Al  
1.638 
O  
1.757 
O  
1.757 
O  
1.415 
O  
1.44 
2NN  
distance (Å) 
4O  
1.942 
4O  
1.935 
3Al  
1.872 
3 O  
2.012 
Mg  
1.783 
Mg  
1.780 
2Al  
1.880 
2Al 
 1.880 
Effective Oi   
charge (e) 
-0.71 -0.71 -0.60 -0.53 -0.58 -0.59 -0.61 -0.63 
1NN overlap  
population (e)  
0.01 -0.01 0.04 0.50 -0.136 -0.14 -0.12 -0.084 
2NN overlap  
population (e) 
-0.04 -0.04 0.27 -0.07 0.028 0.024 0.274 0.262 
    
Analysis of the Mg-spinel DOS (Figure 3) shows that Oi-Oreg pair forms occupied band just 
above the top of the valence band (VB) and unoccupied band near to the bottom of conduction 
band (CB). The reason for that can be O-O orbital overlapping and splitting into π, π* and σ* 
orbitals. In the case of S2 configuration, overlap population reveals interaction between the two 
oxygen atoms. This results in two peaks of DOS just above the top of the VB. In S8/S24 
configurations Oi is well-separated from other atoms and DOS shows only 2p electrons of isolated 
oxygen ~2 eV above the top of the VB. Distance between Oi and Oreg in S6 configuration is minimal, 
but the orbital splitting is not observed and the plot is similar to S8/S24 configuration. The possible  
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Figure 3. Calculated densities of states (DOS) for S24/S8 (a), S6 (b), S2 (c) and S1 (d) in L4 supercell. Zero energy 
corresponds to highest occupied band. DOS for Oi corresponds to secondary (right) y-axis. 
 
explanation for this effect can be symmetry restriction, which results in formation energy by 1.1 
eV higher than for S1. 
 
4.2. Analysis of the phonon structure 
In the case of defective crystal the degenerate vibrational modes defined by Eq. (9) are split. The 
latter depends on the point symmetry of Oi position. Three displacements (x y z) of interstitial 
oxygen generate additional vibrational modes with the symmetry depending on the interstitial 
oxygen point group: S24 (Td) - T2; S6 (C3v) - A1, E; S2 (Cs) - A, 2B; S1 (C1) - 3A.  
 
Table 3.  The frequencies (in cm-1) of the optical modes of MgAl2O4 bulk at the Г point of the Brillouin zone of the 
primitive unit cell L1 (Fig. 1a). IR - infrared-active modes, R - Raman active modes. LO phonon frequencies are given in 
brackets. 
Phonon 
modes 
DFT-PW 
calculations [42] 
Our hybrid DFT-LCAO 
HSE06 calculations 
Experimental data 
[43, 44] 
T2u 265 269  
T1u (R) 311 (319) 308 (315) 303-309 
T2g (R) 319 323 305-312 
T1g 360 362  
Eu 412 420  
Eg (R) 426 421 407-411 
T2u 483 484  
T1u (IR) 512 (580) 503 (606) 510-533 
T2g (R) 570 593 666-681 
T1u (IR) 588 (638) 608 (646) 581 
Eu 608 630  
A2u 668 693  
T2g (R) 682 698  
T1u (IR) 698 (866) 710 (870) 680-692 
A2u 763 785  
A1g (R) 776 796 720-790 
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The phonon calculations of defective MgAl2O4 crystal have been performed for supercell 
model L4 (56 atoms) and three interstitial oxygen positions S6 (C3v), S2 (Cs) and S1 (or S6 with 
SYMREMO: C1) (Table 3). In the first two cases, the high values of imaginary frequencies have been 
found: E phonon (with frequency 274 cm-1) for S6 symmetry and two phonons of B symmetry (Cs 
case) with frequencies 499 cm-1 and 120 cm-1. This means the non-stability of the models with C3v 
and Cs point symmetries, i.e., the calculated formation energies correspond to local minima of the 
total energy. It is seen that absolute values of imaginary frequencies decrease with the decreasing 
the site symmetry of the interstitial Oi from C3v to Cs. After lowering the point symmetry to C1 the 
imaginary frequencies disappear at all, thus confirming the stability of interstitial oxygen position 
with symmetry S1. In the latter case three additional (compared with the bulk crystal) non-
degenerate phonon modes appear with frequencies: 41 cm-1, 169 cm-1 and 1142 cm-1. The Hessian 
eigenvector analysis for these modes gives that the first two modes can be considered as the bulk 
crystal modes distorted by interstitial oxygen. The third mode with the frequency 1142 cm-1 
corresponds to the vibration of superoxide ion O2-  in crystal formed by the interstitial oxygen with 
the nearest (at distance ~1.35 Å) oxygen atom of the host crystal, i.e. the dumbbell structure. This 
conclusion follows from the analysis given for experimental data of the vibrational frequencies and 
the interatomic distances in free O2 molecular system in the different charged states [48]: 
molecular O2
+  dioxygenyl (1800 cm-1, 1.12 Å), neutral O2 molecule (1556 cm-1, 1.21 Å) and 
molecular O2
− superoxide (1143 cm-1, 1.28 Å).   
5. Conclusions 
The site symmetry approach applied for various configurations of Oi interstitial per L4 and L8 
supercells of MgAl2O4 spinel is based on the group-theoretical analysis of the split Wyckoff 
positions in the perfect crystal. When performing this analysis, we have compared five possible 
spatial configurations for inserting oxygen atoms into interstitial positions of spinel structure. 
Intuitively, the interstitial configuration highest by symmetry in the supercell model 
simultaneously provides the highest formation energy, while arrangement of Oi atoms in less 
symmetric sites of spinel lattice is essentially more preferable energetically: values of 𝐸𝑓𝑜𝑟𝑚
O𝑖  in the 
latter are found to be 5-6 times larger. However, the examination of the lowest symmetry sites S1 
only is not enough since the low formation energy can correspond not only to C1 symmetry, but 
also to a higher one (it depends also on the size and shape of supercell).  
The interstitials are also unstable to the almost spontaneous transformation from high-
symmetric into split interstitials (dumbbells) which are remoted from the nearest regular Oreg 
atoms by 1.42-1.44 Å. Obviously, this is a distance, typical for O2
2− peroxides, whereas its charge 
(~1 e) is qualitatively similar to that of a free O2
− superoxide. Moreover, within the SCM model, the 
dumbbell configuration automatically appears as a result of the automated structure optimization, 
making no spposition on the Oi path from the starting position of its arrangement. The calculated 
formation energies in these cases correspond to rather global minima of the total energy. 
The analysis of the electron DOS clearly demonstrates that the dumbbell produces both the 
occupied states close to the top of the VB as well as the unoccupied states close to the bottom of 
the CB. The reason for that can be O-O orbital overlapping and splitting into π, π* and σ* orbitals. 
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In the case of S2 configuration, overlap population reveals interaction between the two oxygen 
atoms leading to appearance of the two DOS peaks just above the top of the VB. 
As an argument in favour of dumbbell Oi-Oreg configuration in spinel bulk, we consider also 
high values of imaginary frequencies found for S6 symmetry and in the case of S2 symmetry 
indicating the non-stability of both interstitial models. Moreover, the absolute values of imaginary 
frequencies are found to be reduced with the decreasing the site symmetry of the interstitial Oi 
from C3v to Cs. After lowering the point symmetry to C1 the imaginary frequencies disappear at all, 
thus confirming the stability of interstitial oxygen position with symmetry S1. 
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